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Abstract. The K~ induced production of /1(1405) in the K~d —¥ irSn reaction is investigated having in 
mind the conditions of the DAFNE facility at Frascati where kaons are obtained from the decay of slow 
moving cj> mesons. We find that the K~d — > yl(1405)7i process favors the production of 71(1405) initiated 
by the K~p channel, which gives largest weight to the higher mass /1(1405) appearing at 1420 MeV in 
chiral theories. We find that the fastest kaons from the decay of the <f> are well suited to see this resonance, 
particularly if one selects forward going neutrons in the center of mass, which reduce the contribution 
of single scattering and make the double scattering dominate where the signal of the resonance appears 
clearer. 
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1 Introduction 

The /1(1405) resonance is getting renewed experimental 
attention and different reactions have been used to pro- 

' duce it. One of the recent reactions is the K~p — > ir°ir°E 

'. measured at p K - = 514 MeV/c to 750 MeV/c in pQ. 
COSY at Juelich has also produced it in the pp — > K + pir°£ { 

", reaction [2]. The photoproduction of the resonance has 
been investigated at LEPS [3] and CLAS [1] and plans 
are made to continue its study in DAFNE and J-PARC 
among other facilities. One of the motivations to search for 

' it in different reactions was the theoretical observation in 
[5] that the use of chiral dynamics led to two nearby poles 
in the region of the yl(1405) resonance, and that different 
reactions gave more weight to one or the other poles, such 
that the shape of the cross section would change from one 
reaction to another. 

The yl(1405) has been a historical example of a dy- 
namically generated resonance in meson-baryon coupled- 
channels dynamics with S = —1 [B]. Modern investigations 
based on chiral dynamics with a unitary framework also 
reproduce well the observed spectrum of the /t(1405) to- 
gether with cross sections of K~p to various channels [71 

iiaiiniiEiiiaiHi- 

The work of [5] also motivated further theoretical stud- 
ies introducing terms of higher order in the kernel of the 
K~p interaction with its coupled channels [TollTrJlITT] . The 



interesting thing observed in these works is that the two 
pole structure is always there independent of variations in 
the parameters allowed by the data. One of the states, lo- 
cated around 1420 MeV, couples dominantly to the KN 
channel and is very stable, while the other one, sitting 
around 1390 MeV and with a width of 130 MeV or larger, 
couples strongly to the ttE channel. This latter one is 
more model dependent but the mass is smaller than that 
of the other state and the width is considerably larger. 
Another interesting output of these works is that the re- 
sults including the higher order kernel are compatible with 
those with the lowest order Lagrangian (the Weinberg To- 
mozawa term) within theoretical uncertainties |17j . De- 
pending on the reaction mechanism and which is the chan- 
nel predominantly chosen by the reaction to create the 
yl(1405), one obtains one shape or another from the super- 
position of the two resonances with different weights. Cer- 
tainly, if one finds a reaction in which the vl(1405) is basi- 
cally created through the entrance channel KN, this will 
give more weight to the narrow, higher energy resonance, 
and one should see a spectrum peaking around 1420 MeV. 
The problem is that the KN threshold is already above 
the resonance mass. An ideal method to produce the nar- 
row resonance is the K~p 7/1(1405) reaction, since the 
mechanism where the photon is radiated from the initial 
K~ is dominant. Then the emission of the photon reduces 
the K~ energy, such as to be able to produce the yl(1405). 
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and one ensures the creation of the resonance from K~p. 
The theoretical study for this reaction was done in [18], 
but the experiment is not yet done. Conversely, the study 
done in [TO] for the ir~p —> K°wE reaction showed that 
this was dominated by the ttE entrance channel and this 
justified the peak seen in the irE invariant mass at around 
1400 MeV in the experiment [20]. Other reactions like the 
pp — > K + pir°E [5], require a mixture of both resonances 
as seen in [51]. One of the strongest support for the idea 
of the two vl(1405) states comes from the experiment of 
[T], K~p —> ir°ir°E°, and the subsequent theoretical anal- 
ysis of the reaction done in [55]. In this case one of the 
7T° is "radiated" from the initial proton, the K~p system 
loses energy, and as a consequence the .4.(1405) produc- 
tion is initiated by the K~p system, exciting the higher 
mass state that couples mostly to the the K~p system and 
producing a peak in the ttE spectrum around 1420 MeV. 

Another great support for the idea of the two yl(1405) 
states comes from the K~d — > irEn reaction [53] with 
kaons in flight, where a clear peak is seen in the irE spec- 
trum around 1420 MeV. This reaction was studied re- 
cently in [53] and it was found that the rescattering mech- 
anism of the K~ , in which the K~ scatters on the neutron, 
loses some energy, propagates to the proton and produces 
the j4(1405) on the proton target, dominates the reaction 
in this invariant mass region. Since the production of the 
/1(1405) is done from the K~p channel, it also excites pre- 
dominantly the higher mass yl(1405) state, which shows 
up in the wE spectrum with a peak around 1420 MeV. 

The detail of kaons in flight is important. Indeed, in 
[51] it was shown that, together with the double scattering, 
where the yl(1405) shows up cleanly, there is the contribu- 
tion of the single scattering, the impulse approximation. 
This contribution peaks around a value of the irE invari- 
ant mass, corresponding to the invariant mass of the kaon 
in flight and one nucleon at rest. If one has sufficient kaon 
kinetic energy this peak and the one of the yl(1405) are 
quite separated. If one goes at threshold with kaons at 
rest, the single scattering peak is around mx + Mjy, does 
not have resonant structure and by interference with the 
double scattering distorts the shape of the .4(1405) con- 
tribution, and the reaction is not suited to investigate the 
properties of this resonance. In |25] a different opinion 
is expressed and claims are made that the impulse ap- 
proximation can provide the shape of the resonance. We 
argue below that this is not the case. Indeed, one can get 
K~p invariant masses below threshold for kaons at rest, 
only through the Fermi motion of the deuteron. Yet, to 
reach invariant masses of the order of 1400 MeV, down 
from the threshold of 1432 MeV, one needs momentum 
components of the order of 300 MeV/c. Obviously, our 
knowledge of the deuteron wave function for such large 
momentum components is extremely poor. In fact, stan- 
dard wave functions of the deuteron have dropped by two 
orders of magnitude at 300 MeV/c, with appreciable dif- 
ferences between different models. This is four orders of 
magnitude in the cross section, where the uncertainties are 
certainly not smaller than one order of magnitude. Even 
the concept of wave function, when one has a transfer of 
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Fig. 1. Kinematics of the K~d —¥ irEn. 

energy of 32 MeV to a second nucleon, is ambiguous. Try- 
ing to reconstruct a shape of the resonance, by dividing 
an experimental cross section by the theoretical deuteron 
wave function squared has very large uncertainties and 
should not be used. The possible use of an "experimen- 
tal" wave function for these high momentum components 
should be equally discouraged, since processes involving 
such momentum transfers have contributions from two 
body mechanisms difficult to quantify. 

DAFNE produces intense kaon beams from <fi decay. 
Recently the <j> mesons can even be produced with a small 
momentum of 12 MeV/c, by means of which the kaons 
have a range of 80 MeV/c to 130 MeV/c when they reach 
the target. We shall take advantage of this and investigate 
the production process for the most energetic kaons, look- 
ing at different kinematical conditions that maximize the 
clean production of the resonance. 



2 Formulation 

We briefly sketch here the formalism of [51] for this reac- 
tion. Further details can be seen in that paper. 

We consider .4(1405) production induced by K~ with 
a deuteron target, K~d -> yl(1405)n. The A(1405) pro- 
duced in this reaction decays into irE with 1 = as 
shown in fig. [T] The /t(1405) is identified by the ttE in- 
variant mass spectra of this reaction. Figure Q] also gives 
the kinematical variables of the initial and final particles. 
The kinematics of the three-body final state is completely 
fixed by five variables, the ixE invariant mass M^e, the 
neutron solid angle fl n in the cm. frame and the pion 
solid angle f2* in the rest frame of ir and E [26] . Thus the 
differential cross section of this reaction can be written as 

d(T = (L^f l t* n l r l 2 l^l dM nS do:dn n (1) 

where T is the T-matrix of this reaction, .E c . m . is the center 
of mass energy, k c . m . is the kaon CM momentum and p * 
is the pion momentum in the rest frame of 7r and E . The 
pion momentum \p*\ in the ttE rest frame can be fixed 
by the invariant mass M^z:- 

The .4(1405) production is investigated by limiting the 
kinematics with the invariant mass of the final ttE state 
around 1350 to 1450 MeV, in which the resonating irE 
forms the yl(1405) and the resonance contribution may 
dominate the cross section. 
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Fig. 2. Diagrams for the calculation of the K~d nSn re- 
action. Ti and T2 denote the scattering amplitudes for KN — > 
KN and KN — > nS, respectively. 



In this yl(1405) dominance approximation, we have 
three diagrams for this reaction as shown in fig. [5J The 
left diagram of fig. [D expresses the vl(1405) production in 
the impulse approximation. We refer to this diagram as 
direct production process. The middle and right diagrams 
are for two-step processes with K exchange. We refer to 
these diagrams as double scattering diagrams. 

In fig. T\ and T2 denote s-wave scattering ampli- 
tudes of KN -> KN and KN — > irE, respectively. These 
amplitudes are calculated in a coupled-channel approach 
based on chiral dynamics. 

The T matrix appearing in Eq. ([1]) is given by the sum 
of the contribution of the three diagrams of fig. [5] 



T = Ti+T 2 + % 
where the different amplitudes are given by 



(2) 



(3) 



T2 — T K - p ^ s (M n s) J T^j; 

>K-n(Wi) 



d 3 q <p(q + Pn-k-&) 



XT K - 



(4) 



75 — —T K o n ^> vS (M n z) 
xT K 

-p—>K°n 

(Wi) 



d 3 q <p{q + p n -k-^) 
(2n) 3 q 2 — m 2 K + ie 



(5) 



with i/5 (p n — 2?r) the deuteron wave function in momentum 
space and 



^0 

n ' 



q° = M N + k° -p. 

Wi = V(q Q +p°n) 2 -(q + Pn) 2 



(6) 
(7) 



For q° we have assumed that the deuteron at rest has 
energy 2Mm — B, and we have taken half of it for one 
nucleon, neglecting the small binding energy. The variable 
Wi depends, however, on the running q variable. 

It should be noted, as it was also the case in [53] , that 
taking an average value of q, we can fix W\ by the external 
variables as 



= ^/(M N + k°) 2 -fc 2 , 



(8) 



which allows us to take the Tg N _^^ N amplitude out of 
the loop integral and produces results practically equal to 
those obtained with the values of these variables depend- 
ing on the loop variable. Note also that T^ N ^ S , which 
is the amplitude producing the resonance shape, has its 
argument fixed in all cases by the external ttU. 

The T-matrix for the diagram 1 given in fig. [5] has 
been calculated in the impulse approximation in which 
the incident K~ and the proton in the deuteron produce 
the ttS and the neutron behaves as a spectator of the 
reaction. As for the external particles, we have taken the 
wave functions of the incident kaon and the particles in 
the final state as plane waves. 

The double scattering requires a loop integral over the 
q variable in Eqs. (jl|) and ([5]) with the deuteron wave 
function. Although the procedure is standard in multiple 
collision in nuclei, we find it appropriate to sketch the con- 
nection to a conventional loop evaluation with Feynman 
diagrams. The loop integral would be 



d 3 q 



1 



(2tt)3 Et, 



k° - H, 



ONN 



-tNN<l> 



NN- 



(9) 

where Hq is the free NN Hamiltonian, ijvA? the appro- 
priate NN scattering matrix and 4>nn the free NN wave 
function. By using the definition of the scattering matrix 



tNN4>NN — Vnn&NN 



(10) 



where Vnn is the NN interaction potential and &nn is 
the actual NN wave function, the integral becomes 



d 3 c 



1 



-Vnn&nn 



q 2 — m 2 K + ie 



(2tt) 3 E nn - H 0NN 

Now taking into account the Schrodingcr equation 

1 



Enn — H nn 
one rewrites the integral as 



(11) 

Vnn&nn , (12) 



/ 



,7-, ^KN^KN^KN^ttE 

Vnn- 



(27T) 



q 2 — m 2 K + ie 



(13) 



which is the integral that appears in Eqs. ((4]) and ([5|). 



3 Results 

In fig. Owe show da/dM wS for tt+Z 1 ", ir~ £+ and ir°£ a 
production for 130 MeV/c K~ momenta in the lab. frame. 
What we see is a clear dominance of the single scatter- 
ing. However, we observe a certain structure, more visi- 
ble in the n + E~ spectrum, with a peak at the invariant 
mass squared, M 2 S = (fe +pn) 2 , with pn at rest in the 
deuteron rest frame, where the deuteron wave function has 
its largest weight. This peak has to do with the deuteron 
wave function and not with the amplitude Tj^-p^^^j of 
Eq. ([3]). Then we see another peak in the region of 1420 McV. 
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This second peak comes from the shape of the T K - p ^^ s 
amplitude of Eq. ([3]) , which reflects the excitation of the 
higher energy 71(1405) resonance appearing around 1420 MeV. 
We also see that the mechanism of double scattering also 
peaks around 1420 MeV and there is interference with the 
single scattering amplitude which, nevertheless, leaves the 
peak at about the same position. Yet, since the shape of 
the double scattering is cleaner and docs not have the 
double shoulder, it would be interesting to find some sit- 
uation in which it becomes dominant. It is easy to find 
such kinematical set up, since in the impulse approxima- 
tion the neutron is a spectator and goes backwards in the 
K ~d CM frame. If we demand that the neutron goes for- 
ward we shall be reducing drastically the single scattering 
contribution, giving room to the double scattering one. 
The results of imposing angular cuts can be seen in fig. [4J 
in which 6*™ m is the angle between the outgoing neutron 
and the incident K~ in the CM frame. We can see that 
for large angles of the neutron the impulse approximation 
is largely dominant, yet, as soon as we make the angles of 
the neutron smaller, the contribution of the single scatter- 
ing becomes gradually smaller and at angles smaller than 
30 degrees the double scattering has become dominant, 
with the total cross section showing a clean peak around 
1420 MeV. To make it more precise, in fig. [5] we show the 
quantity da/dM^s dcos(0™ m ) for different angles and we 
find that for angles below 32 degrees the double scattering 
contribution is dominant. Hence, for practical purposes, 
and in order to gain statistics, gathering all events with 
angles smaller than 32 degrees in the CM is ideal in order 
to show a clean contribution of the 4.(1405). The cross 
sections of 0.1 mb/MeV, from Fig.|4j are large enough to 
be observed in the DAFNE set up. A larger span of an- 
gles would also show a clear peak, with gain in statistics, 
since even at 60 degrees the peak is visible, as one can 
appreciate in figs. U and [S] 



with a finite small momentum in 
up, one obtains kaons with larger 



By producing the 
the new DAFNE set 
momentum than before, when the (f> was produced at rest. 
In what follows, we show the results for two other kaon 
momenta, within the present kaon momentum range, to 
emphasize the value of taking the kaons with larger mo- 
mentum. In fig. [6l we show the results equivalent to fig. [5] 
for momenta of the kaons 100 MeV/c and 80 McV/c. At 
k = 100 MeV/c we can see in fig. [5] that the contribu- 
tion of the single scattering dominates the cross section 
at neutron backward angles, and one finds two peaks, one 
coming from the resonance shape and the other one from 
the threshold effect. The two peaks are closer among them- 
selves than in the case of k = 130 MeV/c. The final shape 
should then not be confused with the shape of the res- 
onance. If one goes to neutron forward angles one can 
see that the single scattering is still as large as the dou- 
ble scattering one, and it shows its two peak structure, 
such that the shape of the global distribution is not the 
shape of the resonance. This momentum is not good to 
extract the properties of the yl(1405) resonance. The situ- 
ation becomes worse for k = 80 MeV/c, as one can see in 
fig. \7\ Here, even at forward angles, the single scattering 
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Fig. 3. tyE invariant mass spectra of K~d — > tyEu with 130 
MeV/c of K~ incident momentum. The three panels corre- 
spond to ttE spectra for different irE charge combinations, 
tt + E~ (upper panel), ty~ E + (middle panel) and tv° 'E° (lower 
panel) . In each panel, the solid line denotes the total contribu- 
tions of the three diagrams, while the dotted and dash-dotted 
lines show the calculations from the single and double scatter- 
ings, respectively. 



dominates the cross section and the shape that comes out 
does not reflect the shape of the resonance. Fortunately, 
the situation for k = 130 McV/c is satisfactory, with a 
clear dominance of the double scattering process and still 
a visible separation of the resonance and threshold peak 
contributions of the single scattering, such that the re- 
sulting peak around 1420 MeV clearly reflects the shape 
of the upper energy yl(1405) state peaking at 1420 MeV. 
Hence, the small increase in the kaon momentum from the 
former situation, where the kaons came from <f> decay at 
rest, is most welcome and helps to get a cleaner signal of 
the yl(1405) resonance. 

One may wonder that, since double scattering becomes 
more important than single scattering in the kinematic 
conditions chosen, the triple scattering could also be im- 
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Fig. 4. ttS invariant mass spectra of K~d — > Tv°E°n with 130 
MeV/c of incident K~ momentum imposing angular cuts for 
the emitted neutron with respect to the incident K~ in the 
CM frame, 90° < <9™ m . < 180° (up-left), 60° < <9™ m . < 90° 
(up-right), 30° < 9c.m. < 60° (down- left) and 0° < 0™ m . < 30° 
(down-right). In each panel, the solid line denotes the total 
contributions of the three diagrams, while the dotted and dash- 
dotted lines show the calculations from the single and double 
scatterings, respectively. 



portant. However, as a general rule for inclusive processes, 
the single scattering is more important than the double 
and this one more important than the triple. We have ob- 
served this here, since the strength of the peak of single 
scattering is much bigger than that of double scattering. 
Yet, the single scattering has a very limited kinematics, a 
very restricted phase space, but this is not longer the case 
for double and triple scattering. Then the selection of for- 
ward neutron angles forces the single scattering out of its 
phase space, except for the finite momentum components 
of the deuteron, but docs not put constraints on double 
scattering nor triple scattering, such that the triple scat- 
tering will remain small compared to the double. Note that 
there is an important difference between the case of the 
break up process that we have here and the coherent scat- 
tering of K~ with deuteron without deuteron breakup. In 
the latter case the two nucleons in the deuteron stick to- 
gether and it is relatively easy for the kaons to rescatter. 
This is indeed the shown in |2T p g l f2T)]. But in the 

inclusive process, after the first scattering the nucleons 
move apart making more difficult the rescattering of the 
kaons with this pair of nucleons. 

We also do not consider double scattering diagrams 
with pion exchange in which the 7r and the E are emitted 
separately in the T\ and Ti amplitudes given in fig. [2J 
respectively. It was discussed in [24] that such diagrams 
would give a smooth background in the ttS invariant mass 
spectra. 
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Fig. 5. Differential -nE invariant mass spectra of K~d — > 
for 130 MeV/c of incident K momentum fixing the 
angle between the emitted neutron and the incident K~ in 
the CM frame. In each panel, the solid line denotes the total 
contributions of the three diagrams, while the dotted and dash- 
dotted lines show the calculations from the single and double 
scatterings, respectively. 



4 Summary 

We have studied the K~ induced production of yl(1405) 
with a deuteron target in the reaction K~d — > irEn, with 
the conditions of the DAFNE set up, where kaons arc 
produced from the decay of slow moving <fi mesons. The 
process proved well suited to investigate the predicted 
vl(1405) state around 1420 MeV, which couples mostly 
to KN, since in the K~d —> nSn process, the /l(1405) 
resonance is produced by the KN channel. 

We found that for the most energetic kaons coming 
from the decay of the moving cf> mesons, both the single 
scattering and the double scattering gave rise to a peak 
in the region of 1420 MeV for the spectrum of nS in- 
variant masses. Yet, it was also found that the contribu- 
tion of single scattering can be easily distorted by a peak 
around threshold of the K~p channel. In order to obtain 
a cleaner signal, we evaluated the cross section at forward 
angles of the neutron and we found that the contribu- 
tion of single scattering is drastically reduced and that 
of the double scattering takes over, leading to a cleaner 
signal of the /1(1405) resonance. The general rule is that 
having kaons in flight, at moderate energies of the kaons, 
becomes advantageous to distinguish the /l(1405) signal, 
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Fig. 6. Differential ir£ invariant mass spectra of K~d — > 
n°E°n for 100 MeV/c of incident K~ momentum fixing the 
angle between the emitted neutron and the incident K~ in 
the CM frame. In each panel, the solid line denotes the total 
contributions of the three diagrams, while the dotted and dash- 
dotted lines show the calculations from the single and double 
scatterings, respectively. 
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angle between the emitted neutron and the incident K~ in 
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since this automatically reduces the contribution of the 
single scattering versus the double scattering one. This is 
not so because the contribution of the single scattering is 
smaller, but because it peaks at a different region of in- 
variant masses. Yet, we could see that, given the energy 
constraints at DAFNE, it was still possible to drastically 
reduce the contribution of single scattering at the expense 
of looking at a kinematical region in the phase space, with 
neutrons forward, where the single scattering contribution 
is reduced but the double scattering, which has more flex- 
ibility on momentum sharing, is not so much affected. 

In view of the results obtained here we can encourage 
to do this experiment at DAFNE where the fluxes of kaons 
are large enough to make the experiment feasible. Indeed, 
a first estimate [3D] indicates that with the energy resolu- 
tion for charged particles of 2-4 % of the kinetic energy and 
4.2 MeV for neutrons for the energies of the experiment, 
measured with 20-35 % efficiency in the KLOE calorime- 
ter (not necessarily needed if the 7r and ZJ are detected), 
the shape of the distribution can be obtained with the 
needed resolution. Taking into account present fluxes and 
the calculated cross sections one would need about eight 
months of beam time [30j . 
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